The electron density of the α form of boron has been obtained by multipole refinement against high-resolution, single-crystal x-ray diffraction data measured on a high-quality single crystal at a temperature of 100 K. Topological properties of this density have been used to show that all chemical bonds between B 12 clusters in α-B 12 are formed due to one orbital on each boron atom that is oriented perpendicular to the surface of the cluster. It is shown that the same orbital order on B 12 clusters persists in both α-B 12 and γ -B 28 polymorphs and in several dodecaboranes, despite the fact that in every case the B 12 clusters participate in entirely different kinds of exocluster bonds. It is likely that the same orbital order of B 12 clusters can explain bonding in other boron polymorphs and boron-rich solids.
I. INTRODUCTION
Polymorphs of elemental boron are of wide scientific interest due to their enigmatic physical and chemical properties and bonding. [1] [2] [3] A comprehensive description of chemical bonding between boron atoms is of fundamental importance in physics. It may lead to the understanding of the exceptional properties of several boron polymorphs and borides 1 -such as superhardness, low compressibility, and superconductivitythat may help in developing boron-based materials with enhanced properties. Peculiarities in chemical bonding of the high-pressure, high-temperature γ -B 28 polymorph of boron have been proposed, 2, 4 and recently been explained by an experimental electron-density study. 5 An unusual electrondensity distribution and bonding has also been suggested for α-B 12 , 6, 7 the simplest of all boron polymorphs. Electron-density distributions and bonding mechanisms in other polymorphs of boron are yet to be explored. 1 The ubiquitous building block of all polymorphs of boron is a twelve-atom cluster (B 12 ) with approximate icosahedral symmetry. Covalent bonding between B 12 clusters in boron can take place either by direct bonding or via additional atoms. Theoretical calculations [8] [9] [10] have shown that the icosahedral B 12 cluster possesses thirteen internal and twelve external bonding orbitals. According to the Wade-Jemmis rule, [11] [12] [13] 26 out of 36 valence electrons of a B 12 cluster are accommodated in 13 molecular-orbital-like bonding orbitals to form the cluster. This leaves 10 electrons for external bonding using 12 equivalent external bonding orbitals, thus creating an electron deficiency in the cluster. Nature has solved the discrepancy between the number of available valence electrons and the number of bonding orbitals by forming a large variety of two-electron-three-center (2e3c) and one-electron-twocenter (1e2c) bonds in combination with the "normal" twoelectron-two-center (2e2c) bonds in polymorphs of boron and boron-rich compounds.
1,5,14-18 Maybe it is this large variety of bond types rather than the electron deficient nature itself which makes chemical bonding of boron difficult to understand. The electron-density distribution as determined by x-ray diffraction can provide an experimental picture of the bonding situation. Recently, on the basis of an experimental electron-density study, we have characterized all bonds in the high-pressure polymorph γ -B 28 , 5 which included a strong 2e2c intercluster bond, a weaker 1e2c intercluster bond, two 2e2c bonds involving additional atoms as well as a unique polar-covalent 2e3c bond comprising two atoms of a B 12 cluster and one additional atom. This study 5 revealed that the redistribution of electron density within the unique polar-covalent 2e3c bond is the driving force for the observed charge separation in γ -B 28 . Here we present an experimental electron-density study of α-B 12 ( Figs. 1 and 2 ) by single-crystal x-ray diffraction. We have found a 2e2c intercluster bond of similar nature as the 2e2c bond in γ -B 28 . 5 A 2e3c bond is found that is different from the 2e3c bond in γ -B 28 . 5 We show that the highly unusual arrangements of bond critical points (BCPs) within the intercluster 2e3c bond of α-B 12 are indicative for the special arrangement of orbitals in the B 12 cluster. Inspection of the experimental electron density of γ -B 28 as published in Ref. 5 shows that it is in agreement with the same orbital order on B 12 clusters. Together, these observations suggest that orbital order on B 12 clusters might govern bonding in boron polymorphs and all boron-rich solids featuring this cluster.
II. EXPERIMENTAL

A. Measurement and data processing
High-quality single crystals of α-B 12 were synthesized using the high-pressure high-temperature technique described elsewhere.
3 X-ray diffraction experiments were performed at beamline F1 of Hasylab, DESY, Hamburg, employing radiation of a wavelength of 0.5600Å. A single crystal of dimensions 0.07 × 0.04 × 0.03 mm 3 was glued on a glass fiber attached to a copper pin and mounted on a Huber four-circle Kappa diffractometer equipped with a MARCCD area detector. The sample temperature was set by an open-flow nitrogen-gas cryostat. Diffraction images were obtained by φ and ω scans (1 degree rotation in 300 s exposure per image) for different offsets of the diffractometer angles. This resulted in a high redundancy and a complete data set up to sin(θ )/λ = 1.221Å −1 (Table I) . Indexing of Bragg reflections and extraction of integrated intensities from the diffraction images were performed with the software EVAL15. 19 This software was also used for the application of a correction for the oblique effect. Approximately 3% of the reflections were rejected as outliers. The absorption correction, scaling and merging of equivalent reflections were done by the software SADABS. 20 The resulting data set is denoted as the Hasylab data (Table I) .
A second diffraction experiment was conducted at beamline BM01A of the European Synchrotron Radiation Facility (ESRF), employing radiation of a wavelength of 0.6980Å. A second crystal from the same batch and of dimensions 0.06 × 0.05 × 0.05 mm 3 was glued to a glass fiber, and mounted on a KUMA6 diffractometer equipped with a SAPPHIRE CCD detector. Diffraction images were again acquired by φ and ω scans (1 degree rotation in 8 s or 16 s per image). Indexing and integration were now performed with CRYSALIS 21 software; scaling and the absorption correction were applied by SADABS, 22 while merging of equivalent Bragg reflections was done by SORTAV. 23 Approximately 6% of the measured reflections were removed as outliers. This data set is denoted as the ESRF data. The ESRF data set is of a lower resolution than the Hasylab data (Table I) .
B. Multipole refinements
Initial coordinates of the crystallographically independent atoms were taken from our earlier work. 3 At first, a refinement according to the independent spherical atom model (IAM) was performed by SHELXL97. 24 The resulting structure model was introduced into the computer program XD2006 25 (25) is written as the sum of electron densities of pseudoatoms, each of which consists of three terms:
where, ρ core (r) and ρ valence (κr) are the spherical core and valence electron densities. The third term corresponds to the deformation density. It consists of real, density-normalized spherical harmonics y lm and the radial functions R l . κ and κ are screening constants, which account for expansion or contraction of the valence shell. P v and P lm are the refinable population parameters. Each pseudoatom was assigned a neutral atom core, while core and valence scattering factors were taken from Su and Coppens. 27 Local coordinate systems for the spherical harmonics were individually chosen for both atoms on the basis of the crystallographic mirror plane. Only mirror symmetric multipoles expanded up to hexadecapole (l = 4) were refined in the final model. Both radial expansion and contraction parameters (κ and κ ) for crystallographically independent atoms were refined. The function minimized in the leastsquares refinements is w(|F o | − k|F c |) 2 for reflections with I > 3σ I , and with a weight of w =
. The final multipole model (Table II) yields an excellent fit to the Hasylab data (Table I ). An almost featureless residual density map (Figs. 3 and 4) confirms that all density is described by this model. Two-dimensional (2D) contour maps of electron densities and their gradient trajectories from the final model were prepared using the XDGRAPH 25 module of the XD2006 software package. Isosurface plots were generated by the computer program MOLISO. 28 Integrated properties and topological properties according to Bader's quantum theory of atoms in molecules (AIM) 29 were obtained for the static electron density corresponding to the final multipole model with aid of the module XDPROP 25 of the XD2006 software package. The AIM theory states that bonding interactions between atoms require the presence of a BCP and/or ring critical point (RCP) in the electron density at a location between those atoms. Values of the electron density and its Laplacian at BCPs and RCPs characterize the nature of a bond (Table III) . Charges of atoms are obtained by integration of the electron density of the atomic basins (Table IV) . A second multipole refinement has been independently carried out against the ESRF data, employing the same strategy (Table I) . Exactly the same set of critical points with similar values of electron densities and Laplacians has been found for the static electron densities obtained from either refinement, confirming the present model. However, the ESRF data are of lower resolution as compared to the Hasylab data (Table I) . Furthermore, the latter data are of higher quality, as is evident from the values of partial R factors calculated for a subset of the reflections from the Hasylab data, which corresponds to the available reflections in the ESRF data set. The partial R values for the Hasylab data are lower than the R values for refinement against the ESRF data ( Table I) . The better quality of the Hasylab data is also evident from the structure models, e.g., with standard uncertainties of atomic coordinates and atomic displacement parameters (ADPs) being approximately twice as low in case of the refinement against the Hasylab data than for refinement against ESRF data. Reasons behind these differences might be a lower quality of the crystal used for the data collection at the ESRF and/or the differences in the data collection and data processing procedures. Since the quality and the resolution of the Hasylab data have been found to be better than those of the ESRF data (Table I) , we have restricted the discussion to the results obtained with the Hasylab data.
C. Calculations according to the maximum entropy method
An electron-density study without the multipole model is possible with the maximum entropy method (MEM) applied to x-ray diffraction data. An accurate description of the electron density in the neighborhood of critical points requires a prior or reference electron density that is close to the final density. 30, 31 For many years, the electron density corresponding to the IAM has been used for this purpose. Recently, we have shown that the use of a prior electron density calculated from an IAM obtained by strategic refinement against high-order data (IAM-HO electron density) produces better MEM electron densities than the IAM prior. 32 Following this finding, a strategic refinement was performed against the high-order reflections [sin(θ/λ) > 0.70Å
−1 ] of the Hasylab data, using the computer program XD2006
. 25 This refinement resulted in the IAM-HO model. The IAM-HO electron density was then computed with the computer program PRIOR. 30, 33 The computer program BAYMEM 30 was used for MEM calculations, employing the IAM-HO electron density as prior. 32 Electron densities were described on a grid of 132 × 132 × 324 pixels over the unit cell, which corresponds to a grid spacing of ∼ 0.04Å. Twelve different MEM calculations were performed with different χ 
III. DISCUSSION
The structure of α-B 12 can be described as a distorted cubic closest packing of icosahedral B 12 clusters as "spheres." Each B 12 cluster is connected to six neighboring B 12 units by three-center (3c) bonds within the same close-packed layer perpendicular to the threefold symmetry axis (Fig. 1) . Each cluster is furthermore connected to three B 12 clusters within the layer above and three clusters within the layer below through two-center (2c) bonds (Fig. 2) . Chemical bonding in α-B 12 obeys the Wade-Jemmis rules [11] [12] [13] for closo-clusters as follows. 7, 38, 39 The B 12 cluster has 36 valence electrons; 26 of them are used to form the B 12 closo-cluster. [11] [12] [13] Six more valence electrons are used to form six 2e2c inter-cluster bonds (Fig. 2) . The remaining four electrons are involved in six intercluster 2e3c bonds as indicated in Fig. 1 . Icosahedral boron-rich solids are sometimes denoted as inverted molecular solids due to the fact that inter-icosahedral bonds in these solids are stronger than or at least as strong as those within the icosahedral cluster. 40 From the topological analysis of the electron density of α-B 12 (Table III) , we have found that the intercluster 2e2c B1-B1 bond is the strongest bond since it has the highest magnitudes of electron density (ρ BCP ) and Laplacian (∇ 2 ρ BCP ) at its BCP among all bonds. On the basis of a qualitative electron-density analysis by the MEM applied to powder x-ray diffraction data, Fujimori et 39 have suggested that the inter-icosahedral 2e2c bond is bent. An isosurface plot (Fig. 5 ) reveals no unusual (bent) feature unlike that reported by Hosoi et al. (2007) . 39 Static electron densities, deformation densities, and Laplacians plotted on the B2-B1-B1 plane (Fig. 3) reveal the strong character of the B1-B1 bond, but do not indicate any unusual distribution of electron density or bent nature of the bond. The present MEM-electron density, obtained by the MEM applied to the present single-crystal x-ray diffraction data (Sec. II C), is similar to the electron density of the multipole model and does not exhibit any bent character either (Fig. 6) . The peculiar electron-density distribution reported earlier 7, 39 for this bond thus seems to be an artifact caused by the limited information content of the powder diffraction data. 
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The topological analysis (Table III) 2− molecular anions). 41 Values of the electron density at the BCPs and RCPs of these faces match well with the values of electron densities of B 12 clusters in dodecaboranes 41 and in γ -B 28 . 5 However, magnitudes of Laplacians at RCPs of these faces are larger than corresponding quantities of the B 12 cluster in both the dodecaboranes 41 and γ -B 28 . 5 Unlike γ -B 28 , no positive Laplacian at RCPs on these faces have been observed in α-B 12 .
The static electron density, the deformation density and the Laplacian clearly show that inter-icosahedral 2e3c bond (B2-B2-B2 plane) is different from the B1-B1-B2 and B2-B2-B1 faces that are part of the molecular-orbital-type of bond on the B 12 cluster (Fig. 4) . At first glance, the B1-B1-B1 face of the B 12 cluster appears similar to the 2e3c bond on B2-B2-B2: both exhibit threefold symmetry. However, a closer look, especially on the Laplacian maps, reveals significant differences. The value of electron density at the RCP of the exocluster 2e3c bond is the lowest among all 3c interactions (Table III) . This value is similar to the value obtained for the 2e3c bond in γ -B 28 . 5 The Laplacian at the RCP for the B2-B2-B2 bond is negative, in agreement with a covalent character of this bond. In case of γ -B 28 , the Laplacian at the RCP of the 2e3c bond has a positive value, indicating its polar-covalent character. 5 In our previous study 5 on γ -B 28 , we have found a significant amount of charge transfer between boron atoms, in agreement with theory. 4 Fujimori et al. (1999) 7 proposed charge transfer in α-B 12 . First-principles calculations of the electronic structure suggested significant ionicities 6 of the B-B bonds in α-B 12 . Presently, we have obtained atomic charges of the two crystallographically independent atoms in α-B 12 by integration over the atomic basins of the static electron density (Table IV) . Neither ionicity 6 nor a charge transfer (like in γ -B 28 ) 5 are found for α-B 12 . We also noticed that a charge separation for the exocluster 2e3c bond is forbidden by the threefold symmetry of α-B 12 .
Molecular orbital calculations 8,10 using four valence orbitals for each boron atom of the B 12 cluster have obtained 13 molecular-orbital-type bonding orbitals on the cluster, 23 antibonding orbitals, and 12 bonding orbitals perpendicular to the surface of the cluster. Unsurprisingly, the directions of these 12 bonding orbitals are in complete agreement with the formation of 12 equivalent B-H bonds of [B 12 H 12 ] 2− molecular anions in dodecaboranes. 41 However, the orbital order of the 12 external bonding orbitals of the B 12 cluster persists in the highly asymmetric external bonding of this cluster in γ -B 28 and α-B 12 . The orbital order is obvious for the 2e2c and 1e2c intercluster bonds, whose bond paths are perpendicular to the surface of the B 12 clusters (Figs. 3 and 7) , and thus are in agreement with the directions of the external bonding orbitals of the free B 12 cluster. The unusual arrangements of BCPs within the intercluster 2e3c bonds are also explained by the proposed orbital order on the B 12 clusters. In case of α-B 12 , BCPs are very close to the central RCP of the 3c ring and the bond paths are heavily bent inward [ Fig. 7(a) ]. In case of γ -B 28 , opposite features, i.e., outward bent bond paths, are found in the electron density map [ Fig. 7(b) ]. 5 However, in both cases, bond paths are perpendicular to the surface of the B 12 cluster near the atoms defining the 2e3c bonds, in agreement with the proposed orbital order. In case of α-B 12 , three orbitals from the three different B 12 clusters overlap at the center of the threefold ring, thus explaining the inward bending of the bond paths. The same conclusion can be drawn on the bent bond paths in case of γ -B 28 , now leading to outward bending of the bond paths. Isosurface plots (Fig. 8) show lobes of high electron density in directions perpendicular to the surface of the B 12 clusters, again in agreement with the proposed orbital order. It is thus found that orbital order of the free B 12 cluster persists for this cluster in α-B 12 , γ -B 28 , and several dodecaboranes, 41 irrespective of the fact that these clusters participate in entirely different kinds of intercluster bonds.
A particular exocluster B-B bond has been proposed for γ -B 28 on the basis of electronic-structure calculations and the relatively short bond length of 2.086Å. 4, 42 Its existence was refuted in our previous work on the basis of the absence of a BCP between these atoms in the experimental electron density. 5 The observation of the orbital order on B 12 clusters explains the absence of this bond, despite the close proximity of the corresponding atoms, as the result of an unfavorable orientation of the external bonding orbitals of the B 12 cluster. These observations strongly suggest that, in solids containing B 12 clusters, chemical bonding is governed by the directions of bonding orbitals on the B 12 cluster rather than by the proximities of atoms.
IV. CONCLUSIONS
An accurate experimental electron density of α-B 12 has been obtained on the basis of a multipole refinement against low-temperature single-crystal x-ray diffraction data measured on a high-quality single crystal. A quantitative analysis of the topological properties of this electron density has shown that the intercluster 2e2c bond is the strongest bond in α-B 12 , in agreement with the finding of a strong 2e2c intercluster bond in γ -B 28 . 5 No unusual (bent) features of this bond have been found in the static multipole density nor in the MEM-electron density, contrary to previous work based on powder x-ray diffraction data. 7, 39 The bent character of bond paths and the unusual arrangements of BCPs for the exo-cluster 2e3c bonds in both α-B 12 and γ -B 28 (Ref. 5) are explained by orbital order on the B 12 clusters. All exocluster bonding of the B 12 clusters is governed by one orbital per boron atom that is oriented perpendicular to the surface of the B 12 clusters. It is argued that a previously proposed 4, 42 exocluster B-B bond in γ -B 28 cannot exist due to an unfavorable orientation of the external bonding orbitals of the B 12 cluster. Unlike γ -B 28 , a significant charge separation between boron atoms could not be found in α-B 12 .
Orbital order of the 12 external bonding orbitals on the B 12 cluster is found to persist in two boron polymorphs and several dodecaboranes, 41 despite the fact that these clusters participate in entirely different kinds of exocluster bonds. It is likely that the same orbital order of B 12 clusters can explain bonding in other boron polymorphs and boron-rich solids.
